This paper is concerned with numerical wave propagation effects in highly porous media using digitized images of aluminum foam. Starting point is a virtual material laboratory approach. The Aluminum foam microstructure is imaged by 3D X-ray tomography. Effective velocities for the fluid-saturated media are derived by dynamic wave propagation simulations. We apply a displacement-stress rotated staggered fnite-difference grid technique to solve the elastodynamic wave equation. The used setup is similar to laboratory ultrasound measurements and the computed results are in agreement with our experimental data. Theoretical investigations allow to quantify the influence of the interaction of foam and fluid during wave propagation. Together with simulations using an artificial dense foam we are able to determine the tortuosity of aluminum foam.
Introduction
Digital material methodology combines modern microscopic imaging with advanced numerical simulations of the physical properties of materials. One goal is to complement physical laboratory investigations for a deeper understanding of relevant physical processes. Large-scale numerical modeling of elastic wave propagation directly from the microstructure of the porous material is integral to this technology.
In this paper, we numerically consider a highly porous, open-cell alu- In order to investigate the complex wave propagation phenomena in this material, we split the considerations in three parts. First, we explain our applied digital material workflow. The specific workflow is put into context 2 with other known approaches. Second, we discuss and present a specific numerical setup to investigate highly porous media using finite-difference wave simulations on a microscale. Third, we present and evaluate the results for aluminium foam. These numerical results, which contain the physical processes on the pore scale, allow us to understand observations on a much larger scale (i.e., the sample scale).
Characterization of the material
For the present study, we analyze a 10 ppi AlSi7Mg foam (m.pore GmbH, Dresden, Germany). For quasi-static loading conditions, this material exhibits a linear-elastic range followed by a pronounced plateau stress in the stress-strain relation (Gibson and Ashby, 1997; Nieh et al., 2000) . Already for moderate compressive stresses, single layers of the skeleton start to fail which leads to a subsequent collapse of the entire structure. However, this paper will focus on sound and ultrasound propagation effects with small amplitudes and we restrict ourselves on purely elastic material properties. The bulk properties of aluminium forming the porous skeleton can be characterized with standard testing methods. The mechanical properties of the ligaments (Youngs modulus, Poissons ratio, density) are known from quasistatic experiments (Jang et al., 2008) , cf. Table 1 .
In Figure 2 , a typical pore of the investigated foam is depicted. The morphological properties discussed in this section are derived from the depicted single cell, which we consider to be representative for all cells. Stochastical considerations are not included in this part of the paper. Due to gravity effects during the processing of the polymer template, an intrinsic anisotropy 3 of the structure can be observed. The cells are elongated in z direction by the anisotropy factor τ = 1.25. Note that, within this contribution, all mechanical and numerical experiments are carried out with respect to this elongated z direction. We measure the cell size to account 7.3 mm in z direction and 5.8 mm in x and y direction, respectively. Furthermore, we find a typical ligament length of 2.0 mm. In Figure 3 , the cross sections of one ligament are depicted. Again, the depicted ligament is considered to be representative for all ligaments within the specimen without further stochastical considerations. One observes the ligament to take a bone shape with a cross section which varies from a nearly triangular shape close to the ligament nodes to a more and more circular shape with increasing distance from the nodes. At Let us compare our data first to the analytical estimations by Gibson and Ashby (1997) , where Young's modulus of the frame is proposed to equal 
Numerical Simulation of Wave Propagation in Aluminium Foam
To study wave propagation effects in the digitized aluminium foam sample For the purpose of studying wave propagation effects of aluminium foam the digitized material is embedded into a homogeneous region, Figure 5 .
In this study we assign to this region the elastic properties of non-viscous water. Related to a classical experimental setup, this is similar to throughtransmission-experiments in an immersion technique. This is in contrast to a homogeneous elastic stiff rock embedding applied in (Saenger et al., 2004) .
With this modified embedding we reach a better coupling to the saturated aluminium foam and a longer wavelength can be numerically inserted.
The full synthetic models are made up of 804 × 400 × 400 grid points. We 8 perform our experiments with periodic boundary conditions in the directions parallel to the wave propagation process. A body force plane source at the top of the model is applied. A plane P -wave generated in this way propagates through the numerical model as shown in Figure 6 . The broadband source in our experiments is always the first derivative of a Gaussian wavelet. The dominant frequency is given among other modeling parameters in Table 1 . 
where ρ f R denotes the effective (true) density of the fluid and η f R the effective dynamic fluid viscosity.
If the pore radius r is larger than the viscous skin depth d we investigate the high-frequency domain which is characterized by an additional inertia coupling mechanism between the solid and the fluid phase. As in our microstructure-based analysis the pore radius r is known, we are able to calculate this critical frequency (transission frequency)
Even if we assume Johnson and Plona's formula (Johnson and Plona, 1982) to estimate a travelling second wave, known as the viscous frequency,
we expect to end up in the high-frequency range if we apply frequencies above 100 Hz. Note that we obtain a wave speed v p,f ast = 1487 m/s in case of α ∞ = 1.14.
Case 2: Water-saturated Artificial Stiff Aluminium Foam
For this case, we assign to the aluminium foam stiffness and density parameters which are ten times higher then in Case 1. With this trick, from a numerical point of view very straightforward, we have an artificial stiff aluminium foam. With this simulation we want to understand if a signature of the elastic properties of the foam will influence the speed of the fast P -wave.
Furthermore, we are able to examine the amount of tortuosity from this setup. From our numerical experiment we obtain in that case a fast P -wave velocity of v p,f ast = 1409 m/s. We therefore conclude that the measured wave speed for Case 1 is not a result of the fluid properties only. Comparing the numerical investigations with the high-frequency limits of Biot's equations, we are able to determine the turtuosity parameter of our aluminium foam.
As turtuosity is the only physical effect which is responsible for a deviation of the fast P -wave from the wave travelling through homogeneous water, we obtain for the foam (v p,f ast = 1409 m/s) the turtuosity α ∞ = 1.14.
Evaluating Biot's equation for Case 1 with α ∞ = 1.14 predicts the theoretical P-wave velocity of water-saturated aluminium foam of v p,f ast = 1487m/s which is exactly the velocity we have observed in our numerical simulation.
Conclusions
In this paper we describe numerical, laboratory and theoretical estimations of effective acoustic properties of a highly porous media. The considered aluminum foam with a porosity of 0.923 is imaged by 3D X-ray tomography.
With the known material properties of Aluminum and water we perform large-scale finite-difference wave propagation computations to estimate wave velocities of the fully saturated foam. Due to the high porosity we have to apply a specific numerical setup where the saturated sample is inserted in a homogeneous fluid environment. The laboratory and numerical measurements show excellent agreement. A detailed theoretical analysis, supported with simulations using artificial dense aluminum, gives three main results:
First, our experiments took always place in the high-frequency limit of the Biot-theory. Second, the interaction between foam and fluid can not be neglected for estimating wave propagation effects. Third, we are able to determine the tortuosity of the aluminum foam to equal α ∞ = 1.14. and Case 2 depending on tortuosity.
